There has been rapid progress recently in the identification of signalling pathways regulating tooth development. It has become apparent that signalling networks involved in Drosophila development and development of mammalian organs such as the limb are also used in tooth development. Teeth are epithelial appendages formed in the oral region of vertebrates and their early developmental anatomy resembles that of other appendages, such as hairs and glands. The neural crest origin of tooth mesenchyme has been confirmed and recent evidence suggests that specific combinations of homeobox genes expressed in the neural crest cells may regulate the types of teeth and their patterning. Signalling molecules in the Shh, FGF, BMP and Wnt families appear to regulate the early steps of tooth morphogenesis and some transcription factors associated with these pathways have been shown to be necessary for tooth development. Several of the conserved signals are also transiently expressed in the enamel knots in the dental epithelium. The enamel knots are associated with the characteristic epithelial folding morphogenesis which is responsible for the development of tooth shape and it is currently believed that the enamel knots function as signalling centres regulating tooth shape development. The developing tooth has proven to be an excellent model in studies of the molecular basis of patterning and morphogenesis of organs and it can be expected that continuing studies will rapidly increase the understanding of these mechanisms.
Introduction
Interactions between cells and tissues constitute a central mechanism regulating the development of all multicellular organisms. At the molecular level, these interactions involve complex signalling networks composed of signals, their receptors and transcriptional control systems. During the last 10 years it has become increasingly evident that these regulatory networks are composed of similar elements in a wide variety of organisms ranging from worms and flies to mammals. Moreover, these elements are used in the regulation of multiple tissues and organs within the same animal and even repeatedly during the development of an individual organ.
Proteins that comprise intercellular signalling pathways, including ligands, receptors and transcription factors belong to a number of families which in the lower animals are composed of one or a few members, whereas in mammals, as a result of gene duplications, the families can often constitute more than 10 molecules. In this review we discuss recent work which indicates that the developing vertebrate tooth is no exception to the general principle and that an increasing number of the evolutionarily conserved elements have been found to regulate different aspects of tooth development.
Developmental anatomy of tooth morphogenesis
Teeth are typical examples of epithelial-mesenchymal organs. They develop from stomodeal or pharyngeal epithelium and the underlying neural crest-derived mesenchymal cells in a very similar way to skin derivatives such as hairs, feathers and scales (for review see Thesleff et al., 1995) . The first morphological sign of tooth development is a thickening of the oral epithelium, which subsequently buds into the underlying mesenchyme. The mesenchymal cells condense around the bud and during the following cap and bell stages, the epithelium undergoes folding morphogenesis resulting in the establishment of the form of the tooth crown ( Fig. 1) . As in the case of all developing tissues, the development of shape occurs in the context of extensive growth and exact location implying that morphogenesis and cell division must be tightly co-ordinated and linked to position.
The mesenchyme which becomes surrounded by the dental epithelium during the cap stage forms the dental papilla, giving rise to tooth pulp and the odontoblasts. The more peripheral cells of the condensed dental mesenchyme extend around the epithelial dental component, the enamel organ, forming the dental follicle. When the roots of teeth develop, the follicle gives rise to the cementoblasts depositing dental cementum as well as to the fibrous periodontal membrane connecting the roots of the teeth to the alveolar bone. Although the initiation and early morphogenesis of teeth occurs before bone formation starts in the jaws, the development of the teeth and the surrounding bone is later tightly co-ordinated. Postnatally the teeth have a central role in regulating the extent and direction of the growth of the alveolar processes of the jaw bones (Ten Cate, 1994) .
The dentine-forming odontoblasts and the enamel-forming ameloblasts are unique to teeth and they differentiate terminally during the bell stage of tooth development. This takes place at the interface of the epithelium and mesenchyme and is regulated by interactions between the two tissues Thesleff and Å berg, 1997) . The odontoblasts secrete a collagenous extracellular matrix which subsequently mineralizes into dentin, a bone-like hard tissue. The ameloblasts deposit the enamel matrix which directs the mineralization of the enamel into the hardest tissue in the body. After crown morphogenesis, the roots of the teeth develop and subsequently the teeth erupt into the oral cavity ( Fig. 1 ) (for more details see Ten Cate, 1994) .
Neural crest and the evolution of teeth
Teeth are only found in vertebrates and their evolution is believed to be associated with the appearance of the neural crest (Smith and Hall, 1993) . The majority of craniofacial cartilages and bones are formed by neural crest derived mesenchymal cells, unlike more caudal skeletal elements which are of mesodermal origin. That cranial neural crest cells also contribute to tooth development was first demonstrated in amphibians (Sellman, 1946) . Recently, labelling of neural crest cells and analysis of their migration has been successful in mouse embryos. Labelling of neural crest cells in three to eight somite mouse embryos in vivo followed by whole embryo culture indicated that specifically the mesenchymal cells beneath the surface ectoderm in the maxillary and mandibular processes are of neural crest origin (Osumi-Yamashita et al., 1994; Trainor and Tam, 1995; Imai et al., 1996) . These neural crest cells derive from the midbrain region and their final position in the maxillary and mandibular processes is associated with the original position of the cells in the neural crest as well as with the time when the cells leave the crest (Imai et al., 1996; Köntges and Lumsden, 1996) . Labelled cells could be demonstrated also in the dental mesenchyme, thus confirming that neural crest cells are actually involved in tooth development (Imai et al., 1996) .
The earliest dental-like tissues were not restricted to the oral region and formed a dermal skeleton (Smith et al., 1996) . Tooth development was subsequently confined to the oral region and during evolution, a variety of modifications in teeth have been seen (Butler, 1995) . The basic developmental anatomy of tooth morphogenesis has been conserved to a high degree and the morphological steps of early tooth development ( Fig. 1) are very similar in all modern vertebrates. There are, however, a variety of modifications in the ways in which the dentitions are organized and in which they function in different animals. The numbers of teeth vary and they come in a variety of forms which serve special functions in catching, chopping and chewing food. Changes in tooth shape and position are an important force in evolution, allowing adaptation to specialized diets and filling of different food niches. Because of their masticatory functions, the teeth are necessary for the survival of most animals.
Molecular control of tooth patterning
Mammalian teeth are sequentially arranged structures and the different tooth groups (incisors, canines, premolars and molars) show characteristic differences in morphology. Each tooth group forms from one epithelial thickening, the dental lamina, and the development starts with the most anterior tooth and proceeds posteriorly. Transplantation experiments have shown that the morphogenetic fields for tooth development are present at the time when the dental lamina is seen (E10) (Glasstone, 1963; Kollar and Baird, 1969; Lumsden, 1988) . Two different theories have been put forward to explain the segmental patterning and shape differences between the teeth. The field theory assumes that concentrations of chemical morphogens regulate different morphogenesis of initially identical primordia (Butler, 1939) . Although retinoic acid has been muted as a possible morphogen in tooth patterning based on effects of exogenous retinoids on tooth morphogenesis, the widespread effects of retinoic acid on many of the genes expressed during the stages of tooth morphogenesis and differentiation make this unlikely.
According to the other theory, the so-called clone model, the stem cells giving rise to different classes of teeth differ Fig. 1 . Schematic presentation of the morphology of tooth development. Initiation of teeth is seen as thickening of the epithelium in the facial processes. The budding of the epithelium is accompanied by condensation of the neural crest-derived mesenchymal cells. The enamel knot appears in the epithelium as it undergoes folding morphogenesis and develops into the cap stage. The form of the tooth crown is established during the bell stage and the matrices of dentin and enamel are deposited by the odontoblasts and ameloblasts, respectively. After completion of crown formation roots develop and the tooth erupts into the oral cavity. (Courtesy of Thomas Å berg.) Fig. 2 . Whole mount in situ hybridization of a mouse embryo head at E10.5 showing expression of Dlx-2 in the mandibular and maxillary process. Expression in the mesenchyme is restricted to the proximal regions where molar teeth will develop indicated by the white arrows. Dlx-2 expression is also evident in the epithelium in more distal regions. The red arrows mark the distinct boundaries between epithelial and mesenchymal domains of expression. from each other initially (Osborn, 1978) . In this model it is likely that the neural crest cells have acquired positional identity at the time they reach their final destination in the region of tooth development. An updated, molecular version of the clone model was proposed by Sharpe (1995) whereby tooth shape and position were specified by the combinatorial action of different homeobox genes expressed in neural crest derived facial mesenchyme. Thus, the oral cavity is considered to be patterned by different populations of neural crest cells, determined by their expression of homeobox genes. This model is based on the observation that several homeobox genes are expressed in spatially restricted domains of oral mesenchyme prior to overt tooth development. The Dlx-1 and Dlx-2 genes, for example, are coexpressed specifically in mesenchyme giving rise to molars (Fig. 2) . Strong evidence for this 'homeobox code' model has recently been provided from studies of tooth development in knockouts of the Dlx-1 and Dlx-2 genes in transgenic mice (Fig. 3) (Qiu et al., 1997) . Mice carrying null mutations in both genes (double knockouts) show no development of maxillary molars whereas development of mandibular molars and all incisors is normal in the mutants. Mice lacking either Dlx-1 or Dlx-2 (single knockouts) have normal development of all teeth. Since Dlx-1 and Dlx-2 are co-expressed in maxillary mesenchyme the knockout phenotype indicates that these genes have a redundant function in the development of maxillary molars. This implies that development of teeth in different regions of the jaws involves independent genetic control.
Only one gene has been identified that shows tooth type specific expression following initiation of development. The homeobox gene, Barx-1, is present in mouse molar mesenchyme and absent from incisors during early tooth morphogenesis (Tissier-Seta et al., 1995) .
The question of whether the determination of the position of tooth initiation is regulated by neural crest derived mesenchymal cells or by the stomatodeal ectoderm has not been satisfactorily resolved. In the case of many other ectodermal appendages, the mesenchyme determines the position of structures whereas the epithelium responds according to its inherent capabilities (Sengel, 1976) . There is such evidence from interspecies tissue recombination experiments also in tooth development. Combination of mouth mesoderm from frog embryos, which normally do not develop teeth, with flank ectoderm from salamanders results in tooth development (Wagner, 1959) .
Heterotopic tissue recombination experiments in mouse embryos have shown that the presumptive dental epithelium instructs tooth development prior to the bud stage (Mina and Kollar, 1987; Lumsden, 1988) . These studies showed that in 9-day-old mouse embryos, the rostral, but not caudal epithelium of the mandibular arch is capable of instructing tooth development in trunk neural crest as well as in the mesenchyme of the second branchial arch. However, as the neural crest cells had already reached the branchial arches at the time of the experiments, they may have induced the epithelium to acquire specific tooth forming capacities before the dissection of tissues.
The homeobox gene Otlx2 (RIEG) was recently shown to be expressed at embryonic day 8.5 specifically in the rostral stomodeal epithelium and its expression was maintained in dental epithelium throughout tooth morphogenesis (Mucchielli et al., 1997) . Mutations in the human counterpart of this gene cause Rieger syndrome, which is characterized by missing teeth and defects in the umbilicus and eye (Semina et al., 1996) . Otlx2 (RIEG) is expressed very early in the dental lamina in the mouse embryo, but the expression is not restricted to different dental fields. This suggests that it is not involved in the specification of dental identity but rather may be a key regulator of the epithelial response to early positional signals from the mesenchyme.
Morphogenesis of individual teeth -signalling networks between epithelium and mesenchyme
The morphogenesis of all epithelial appendages is regulated by a sequence of reciprocal interactions between the epithelial and mesenchymal tissue components. This has been demonstrated in classic tissue recombination experiments. As mentioned above, the presumptive dental epithelium governs tooth development prior to the bud stage (Mina and Kollar, 1987; Lumsden, 1988) . The potential to instruct tooth morphogenesis, however, shifts to the dental mesenchyme during budding and as demonstrated by Baird (1969, 1970) , the dental papilla of cap and bell stage teeth regulates tooth shape development, i.e. a molar tooth develops when molar mesenchyme is cultured with incisor epithelium and vice versa. Furthermore, the dental mesenchyme is able to instruct the differentiation of ameloblasts and enamel secretion in non-dental epithelium (Kollar and Baird, 1970) . Hence, in addition to morphogenesis, cell differentiation is also regulated by epithelial-mesenchymal interactions.
The teeth belong to those organs in which the molecular basis of epithelial-mesenchymal signalling has been elucidated to a significant extent during recent years (Thesleff and Nieminen, 1996; Thesleff and Sahlberg, 1996) . Numerous signal molecules and growth factors belonging to several different families as well as their specific receptors have been associated with epithelial-mesenchymal signalling during tooth morphogenesis. It is apparent that the localized expression of the signals and receptors is directed by the epithelial-mesenchymal interactions. In situ hybridization analysis of the patterns of expression of individual signals and their receptors indicate that in some cases they are restricted to either epithelial or mesenchymal tissues and sometimes to particular developmental stages. However, in many cases the signals seem to be used repeatedly during successive stages of morphogenesis and/or they appear to transfer messages in both directions between the interacting tissues. Some transcription factors have been identified which are involved in the epithelial-mesenchymal signalling during tooth morphogenesis and their roles in the signalling cascades are starting to be elucidated (Fig. 6 ).
BMP signalling pathway
Bone morphogenetic proteins (BMPs) were the first signals to be identified in the transmission of inductive interactions between the dental epithelium and mesenchyme (Vainio et al., 1993) . BMPs constitute one of the signal families which has widespread signalling functions throughout the animal kingdom (Hogan, 1996) . The best characterized member is the Drosophila morphogen Dpp, which is homologous with vertebrate BMP-2 and BMP-4. The expression of these Bmps has been associated with morphogenetic tissue interactions in a variety of organs (Hogan, 1996) . Bmp-2 and Bmp-4 as well as Bmp-7 are expressed early in the dental epithelium (Fig. 4) and interestingly the expression of Bmp-4 shifts to the mesenchyme at the time when the instructive capacity shifts from the epithelium (Vainio et al., 1993) . The pathway of BMP signalling in tooth development has been analyzed in organ culture studies by examining the responses of dental tissues to recombinant BMP proteins. BMP-2 and BMP-4 were shown to mimick some effects of presumptive dental epithelium on mesenchyme at the time when the instructive capacity still resided in the epithelium. In particular, they stimulated the expression of the homeobox-containing transcription factors Msx-1 and Msx-2 (Fig. 4) (Vainio et al., 1993) . Unlike the epithelium, BMPs did not stimulate cell proliferation and syndecan expression suggesting that other epithelial signals are involved.
Targeted mutations in Bmp-2 and Bmp-4 result in embryonic lethality prior to development of tooth germs so the contributions of these signals in early tooth development cannot be directly assessed in vivo (Winnier et al., 1995) . However, analysis of the effect of mutations in the Msx-1 homeobox gene have revealed some detail of the importance of BMP signalling in early tooth development. Tooth development is arrested at the late bud stage in Msx-1 mutants and analysis of mutant embryos has indicated that Msx-1 appears to act also upstream of BMP signalling since in mutant teeth, Bmp-4 expression in mesenchyme is not upregulated as it is in wild type animals (Satokata and Maas, 1994; . This was further supported by a rescue experiment in which the bud stage tooth germs, dissected from the Msx-1 deficient embryos, reached cap stage when cultured in the presence of BMP-4 protein.
Interestingly, MSX-1 was recently associated with defective tooth development also in humans. In one family, a mutation in the homeodomain of the MSX-1 gene was shown to cause oligodontia, i.e. the lack of more than six teeth in affected individuals (Vastardis et al., 1996) .
Analysis of the expression patterns of different Bmps indicates that Bmp-2, Bmp-4 and Bmp-7 show remarkable co-distribution as well as apparent associations with epithelial-mesenchymal interactions (Fig. 4) (Å berg et al., 1997) . Expression of these three Bmps shifts between epithelium and mesenchyme during advancing morphogenesis. They are also expressed in the enamel knot (see below) and in association with the differentiation of odontoblasts and ameloblasts (Begue-Kirn et al., 1992; Vainio et al., 1993; Å berg et al., 1997) . Bmp-5 expression, on the other hand, is confined to the ameloblasts (Å berg et al., 1997) . Hence, BMPs appear to be used repeatedly during tooth morphogenesis and they are apparently capable of signalling in both directions between the epithelium and mesenchyme. Furthermore, their largely overlapping expression patterns suggest that there may be functional redundancy between the co-expressed genes. This possibility was recently supported by a study where the expression of Bmp-7 was compared with other Bmps. In the tissues which were affected in the Bmp-7 knockouts, other Bmps were not expressed, whereas co-expression was evident in several tissues not affected in the knockouts (Dudley and Robertson, 1997) .
Several of the serine-threonine kinase receptors for BMPs are expressed during morphogenesis but the patterns do not appear to be as clearly spatiotemporally restricted s those of the ligands (Verschueren et al., 1995; Å berg et al., unpublished data) . In addition to BMPs other members of the TGFb superfamily, notably activin, regulate tooth development. Targeted disruption of the activin bA gene results in abnormal tooth development (Matzuk et al., 1996) . Follistatin and activin IIA receptor knockouts can also have abnormal tooth development but this is found at a much lesser frequency that in the activin bA mice, perhaps suggesting there is functional redundancy between receptors and antagonists (Matzuk et al., 1996) . Tgfb-1, Tgfb-2 and Tgfb-3 are present in teeth and may be associated with morphogenesis (Vaahtokari et al., 1991; Chai et al., 1994) .
FGF signalling pathway
Several of the fibroblast growth factor (FGF) family members have been associated with tooth morphogenesis. Fgf-3 (int-2) was the first to be localized (Wilkinson et al., 1989) . Its expression is confined to dental papilla mesenchyme and it is downregulated with advancing morphogenesis (our unpublished data). Fgf-4, Fgf-8 and Fgf-9 on the other hand are expressed exclusively in dental epithelial cells (Heikinheimo et al., 1994; Jernvall et al., 1994; Kettunen and Thesleff, 1997) . Fgf-8 is present only in the presumptive dental epithelium prior to budding and Fgf-4 is restricted to the enamel knots (Fig. 5) (see below) . Fgf-9 expression appears to cover the domains of both Fgf-4 and Fgf-8 and in addition it is expressed widely in the dental epithelium during the bell stage, associated with the terminal differentiation of the odontoblasts and ameloblasts . Their respective tyrosine kinase receptors are present in both epithelial and mesenchymal tissues in the tooth (Peters et al., 1992; Kettunen et al., unpublished data) .
The FGFs also use cell surface heparan sulfate proteoglycans as co-receptors. The cell surface proteoglycan syndecan-1 was among the first molecules that were shown to be associated with and regulated by epithelial-mesenchymal signalling during early tooth morphogenesis (Thesleff et al., 1988; Vainio et al., 1989) . It binds FGFs and moreover syndecan expression is stimulated by FGFs in dental mesenchyme . Hence, syndecan-1 may play a role as a modulator of growth factor signalling especially by FGFs. Syndecan was shown to be co-expressed with the matrix glycoprotein tenascin in the organ-specific mesenchyme in several organs including the tooth and since the two proteins were shown to interact, it was suggested that this interaction may regulate the condensation of mesenchymal cells (Salmivirta et al., 1991) . However, tooth development occurs normally in tenascin deficient mice (Saga et al., 1992) and so the exact roles of these molecules are still unknown.
Msx-1 also appears to participate in the FGF signalling pathway. Several FGFs, including FGF-2, FGF-4, FGF-8 and FGF-9 upregulate Msx-1 expression in the dental mesenchyme when applied with heparin acrylic beads in vitro Kettunen and Thesleff, 1997) .
Unlike BMPs which induce expression of both Msx-1 and Msx-2 (Vainio et al., 1993) , FGFs are specific to Msx-1 and have no stimulatory effects on mesenchymal expression of Msx-2 . Furthermore, the analysis of the tissues of Msx-1 deficient mice has indicated that the stimulatory action of FGF on syndecan expression requires a functional Msx-1 gene . FGFs appear to be signals which regulate pattern as well as growth. In general FGFs are potent stimulators of cell proliferation and they also stimulate cell division both in dental mesenchyme and epithelium at several stages of tooth morphogenesis (Jernvall et al., 1994; Kettunen and Thesleff, 1997) . FGFs also prevent apoptosis in the dental mesenchyme thus mimicking the effect of epithelium (Vaahtokari et al., 1996b) . On the other hand, FGFs have potent morphogenetic effects in several organs. FGF-8 regulates midbrain development (Crossley et al., 1996a) , FGF-8 and FGF-4 are involved in limb development (Crossley et al., 1996b) and FGFs stimulate the development of kidney tubules and feather buds (Karavanova et al., 1996; Widelitz et al., 1996) . In common with BMPs, the biological effects of various FGFs are largely similar in different in vitro assays. FGF-2, FGF-4 and FGF-8 have similar effects on cell proliferation and Msx-1 gene expression in dental tissues . Hence, it is possible that there is functional redundancy between the coexpressed Fgfs.
Hedgehog signalling pathway
Of the hedgehog family, sonic hedgehog (Shh) is expressed in dental epithelium at several stages starting in the early epithelial thickenings, then reappears in the enamel knot (Fig. 5 ) (see below) and subsequently it is expressed in the ameloblast cell lineage (Bitgood and McMahon, 1995; Vaahtokari et al., 1996a; Iseki et al., 1996) . Its receptor Patched, which is a multipass membrane protein (Chen and Struhl, 1996) is expressed widely in the dental mesenchyme as well as in epithelium not expressing Shh (our unpublished data). Targeted disruption of Shh in transgenic mice results in an early craniofacial phenotype resembling holoprosencephaly (Chiang et al., 1996) . Shh expression in the early dental epithelium appears to follow those of Fgf-8 and Fgf-9, suggesting that FGFs may be upstream of Shh signalling. The role of Shh signalling in the early epithelial thickenings is unclear but its highly localized expression suggests an involvement in tooth bud initiation.
During lung morphogenesis Shh is expressed intensely in the epithelium of terminal buds and its role was recently analyzed by overexpression in the distal epithelium using the surfactant promoter. The phenotype of the transgenic lungs suggested that Shh normally regulates lung mesenchymal cell proliferation (Bellusci et al., 1997) .
Wnt signalling pathway
In Drosophila development interactions between wingless, dpp (Bmp-2/4) and hedgehog genes are essential for correct segmentation. Wingless protein binds to its cell surface receptor, fz2 (frizzled), and activates an intracellular signalling pathway involving the armadillo protein (b-catenin) which results in nuclear transport of a Lef-1 transcription factor homologue pangolin (Brunner et al., 1997) .
In mice, Lef-1 knockouts lack teeth and the development is arrested at the bud stage. In the Lef-1 deficient mice, hair, mammary gland and tooth morphogenesis is inhibited (van Genderen et al., 1994) . Overexpression of Lef-1 in epithelial cells in transgenic mice resulted in increased invagination of epithelium and formation of extra hair follicles and a toothlike structure (Zhou et al., 1995) .
Elegant tissue recombination experiments using tissues from Lef-1 deficient and wild type mouse embryos showed that although Lef-1 is expressed throughout tooth development and its expression is not restricted to either epithelial or mesenchymal tissues, it is needed only in epithelium during early development (Kratochwil et al., 1996) . Normal teeth developed in explants which consisted of exclusively mutant epithelium and mesenchyme, if the mesenchyme had first been exposed to wild type epithelium before the bud stage. Hence, Lef-1 appears to be involved in the regulation of an epithelial signal acting on dental mesenchyme during the bud stage of tooth morphogenesis.
b-Catenin has a dual role in cells, interacting directly with Lef-1 in the cytoplasm to mediate transport to the nucleus and interacting with cadherins in cell adhesion processes (Behrens et al., 1996; Nusse, 1997) . E-Cadherin protein has been localized to the early tooth germ epithelium in similar areas to Lef-1 (Lüning et al., 1994) suggesting a role in regulating the cell adhesive properties needed for invagination to form a bud. Several Wnt genes are expressed during tooth development including the Wnt-10 genes which are expressed in early dental epithelium (A. McMahon, pers. commun.) . These or other Wnts might therefore be responsible for activating the intracellular pathway involving frizzled receptors, b-catenin and nuclear transport of Lef-1 and thus the Wnt-signalling pathway may be required for tooth bud formation.
Other signalling pathways
Other conserved signals that have been elucidated during tooth morphogenesis include epidermal growth factor (EGF). EGF receptor is expressed both in dental epithelium and mesenchyme and is associated and regulated by tissue interactions (Partanen and Thesleff, 1987) . Surprisingly, no dental anomalies were reported in EGF receptor deficient mice although they had major defects in development of several other epithelial appendages (Miettinen et al., 1995; Sibilia and Wagner, 1995) .
The Notch receptor as well as its ligand Serrate (Jagged) are also expressed during several stages of tooth morphogenesis and both in epithelial and mesenchymal tissues (Mitsiadis et al., 1995 . Interestingly, Notch-1, Notch-2 and Notch-3 genes are downregulated in the dental epithelium already at the time of dental lamina formation. Throughout subsequent tooth morphogenesis the cells of the ameloblast cell lineage, i.e. inner enamel epithelial cells, do not express the Notch genes whereas all other dental epithelial cells express them intensely. In Drosophila, the expression of the Notch gene is associated with cell fate specification (Artavanis-Tsakonas et al., 1995) and hence it is possible that Notch genes function in the determination of the dental epithelial cells. Furthermore, Notch and Serrate genes are regulated by tissue interactions as well as by BMPs and FGFs in dental tissues, thus suggesting that signalling through this pathway is linked with other signalling networks (Mitsiadis et al., 1995 . In Drosophila, signalling through the Notch receptor is associated with the Wg signalling pathway (Couso et al., 1995) .
In vitro experiments in which the expression of hepatocyte growth factor (HGF, scatter factor) was inhibited by antisense oligonucleotides suggest that this signal is needed for tooth morphogenesis. Hgf is expressed in dental mesenchyme and its receptor c-Met is expressed in epithe-lium (Sonnenberg et al., 1993) and the prevention of Hgf expression inhibited the progression of morphogenesis from the cap to bell stage (Tabata et al., 1996) . In similar antisense experiments the prevention of expression of the precursor of substance P, a tachykinin neurotransmitter, resulted in inhibition of tooth as well as mammary gland morphogenesis (Weil et al., 1995) . Defective dental development was reported in transgenic mice deficient for PDGF (platelet derived growth factor) receptor alpha subunit (Morrison-Graham et al., 1992) . Interestingly, neurotrophins and neurotrophin receptors (both the low affinity receptor, LANR, and tyrosine kinase trk-receptors) are also expressed during tooth morphogenesis. Their expression is largely linked with the development of innervation, but some expression domains show no relation to nerve growth and appear to be associated with epithelialmesenchymal interactions (Luukko et al., 1996; Luukko et al., 1997) .
The enamel knot as a signalling centre
After the discovery by Spemann and Mangold (1924) of the organizing activity of the blastopore lip, a number of other organizing tissues have been identified in vertebrate embryos. These regulate the establishment of patterns of tissues and shapes of organs. For instance in the limbs, antero-posterior, proximo-distal and dorso-ventral patterns are regulated by an interplay of signals from three different signalling tissues, the apical ectodermal ridge (AER), the zone of polarizing activity (ZPA) and the dorsal ectoderm (Tickle, 1995) . It has been established that signals belonging to the hedgehog, Wnt, FGF and BMP families mediate the organizing effects of different signalling tissues (Niswander and Martin, 1992; Riddle et al., 1993; Francis et al., 1994; Parr and McMahon, 1995; Yang and Niswander, 1995; Crossley et al., 1996a,b) . Recent observations suggest that tooth shape may be regulated by signalling or organizing centres present in the enamel knots (Jernvall et al., 1994; Vaahtokari et al., 1996a) . The enamel knots are transient clusters of dental epithelial cells which were originally observed many decades ago in cap stage teeth (Ahrens, 1913; Butler, 1956) . Their functions have, however, remained obscure and they have been largely neglected and sometimes even viewed as histological artefacts.
The first indication that the enamel knot may have a signalling function came from in situ hybridization studies in which Fgf-4 gene expression was localized exclusively in the enamel knot (Fig. 5) (Niswander and Martin, 1992; Jernvall et al., 1994) . Subsequently, several other signals were shown to be expressed in the enamel knot. These include Bmp-2, Bmp-4, Bmp-7 and Shh (Fig. 5) (Vaahtokari et al., 1996a) as well as Fgf-9 .
The appearance and shape of the enamel knot has been analyzed in detail in the first mandibular molar tooth in mouse embryos by three-dimensional computer based reconstruction of serial sections (Fig. 5) . Morphologically, the enamel knots are first seen at the tips of the tooth buds just prior to their development into the cap stage. A few cells of the epithelium stop proliferating, as seen by the lack of BrdU incorporation. The enamel knot grows as the Fig. 6 . Sequential and reciprocal epithelial-mesenchymal signalling regulating tooth morphogenesis. The signalling tissues are framed and the suggested signal molecules are illustrated in the arrows. Transcription factors which have been associated with dental patterning and tissue interactions are depicted in the boxes with the signalling tissues. During initiation of tooth development, the tissue source and the nature of the signals are not known, hence the dashed frames around the tissues. The epithelial dental lamina signals prior to the bud stage and the dental mesenchyme during subsequent stages. Shape development is presumably regulated by signals from both the epithelial enamel knot and the mesenchymal dental papilla. bud transforms to a cap, at which stage it is readily visible in histological sections as a tightly packed epithelial cell aggregate. The enamel knot was shown to be a torpedoshaped structure, the development of which started in the mesial part of the tooth germ and progressed distally (Jernvall et al., 1994) . The different signals show nested expression patterns and variation in the onset and termination of expression. Fgf-4 expression correlates rather well with the non-mitotic cells although the expression domain is a few cell layers more restricted and starts slightly later (Fig. 5 ) (Jernvall et al., 1994) . Shh, Bmp-2 and Bmp-7 are already present in budding epithelium prior to the exit of the distal tip cells from the cell cycle. Bmp-4 on the other hand starts to be expressed during the advanced cap stage starting from the distal region of the knot (Jernvall et al., 1997) .
The assumption that the enamel knot represents a specific cell lineage with a unique fate is supported by expression of the cyclin dependent kinase inhibitor p21, which is associated with terminal differentiation of many cell types (Parker et al., 1995) . In isolated dental epithelium, p21 expression is stimulated by BMP-4 protein, suggesting that BMP-4, which is intensely expressed in the dental mesenchyme during the bud stage, might be involved in the induction of enamel knot formation (Jernvall et al., 1997) . It is noteworthy that tooth development is arrested in Msx-1 and Lef-1 knockout mice at the bud stage. The transition from the bud to cap stage involves the invagination of the undersurface of the epithelial bud and the formation of the dental papilla in the adjacent mesenchyme. Hence, the arrest in the development of the knockout teeth may be associated with the lack of the formation of the enamel knot (Jernvall et al., 1997) . The induction of the enamel knot may be a key event in tooth morphogenesis and since both Lef-1 and Msx-1 are needed for its induction, it is possible that proper enamel knot formation and maintenance requires the co-ordination of several signalling pathways.
An interesting feature of the enamel knot is that its cells undergo apoptosis (Vaahtokari et al., 1996b) . The enamel knot starts to disappear during the cap stage, starting from its distal end and progressing in the opposite direction to which it was formed (Jernvall et al., 1997) . Consequently, no enamel knot is seen at the late cap stage. The disappearance of enamel knot cells is produced by apoptosis and hence apoptosis may be a general mechanism whereby the function of signalling centres is terminated (Vaahtokari et al., 1996b) . Cell death is apparent also in the AER (Coelho et al., 1993; Vaahtokari et al., 1996b) . Also the ZPA and the notochord are largely removed with advancing development. The expression pattern of Bmp-4 in the enamel knot shows striking co-localization with apoptosis. Since BMP-4 regulates programmed cell death during embryonic development in the rhombomeres and in the interdigital mesenchyme (Graham et al., 1994; Zou and Niswander, 1996) , it is possible that this signal may have a similar function in the enamel knot. Furthermore, the timing of apoptosis in the enamel knot may provide an important mechanism in the regulation of tooth shape. Slight variations in the activity of the enamel knot could be involved in the evolution of mammalian tooth morphologies (Jernvall et al., 1997) .
It has been proposed that the enamel knot determines the site of the first cusp of teeth and regulates the formation of other cusps in molar teeth. There is an enamel knot also in the incisors during the cap stage and in molars new enamel knots appear at the sites of new cusps (Jernvall et al., 1994) . These secondary enamel knots also express Fgf-4 and their cells do not divide. In the limb bud, FGF-4 which is expressed in the AER stimulates the proliferation of underlying mesenchymal cells and can replace the effect of AER in the promotion of proximodistal growth (Niswander et al., 1993) . Receptors for FGFs are present both in the mesenchyme and epithelium around the enamel knot (Kettunen et al., in preparation) and FGF-4 stimulates the proliferation of both cell types (Jernvall et al., 1994) . FGF-4 as well as FGF-9 may regulate the growth of the cusps by stimulation of cell proliferation and the temporospatial pattern of the enamel knots may determine the sites and timing of cusp formation. Because of the way that the tooth develops, the cusp that starts to form first will become the highest and the subsequently forming cusps will end up being progressively shallower. Hence, the timing of initiation of cusp formation determines the relative heights of cusps (Jernvall et al., 1994; Jernvall, 1995) .
The roles of the different signals in the enamel knot can at present only be speculated. It is possible that some molecules, perhaps BMP-4, act as autocrine signals within the enamel knot cells. Some may act as planar signals within the dental epithelium, whereas the underlying dental papilla mesenchyme is presumably the target of some signals. Patched, the Shh receptor is expressed in the dental papilla mesenchyme suggesting that the mesenchyme may be the target for the action of Shh (our unpublished data). In Drosophila, hedgehog acts as a morphogen and different concentrations specify distinct cell types (Heemskerk and DiNardo, 1994) and Dpp mediates some of its effects in the patterning of the wing and eye. Also in the vertebrate limb bud, BMP-2 mediates the action of Shh in the ZPA. In the enamel knot, the expression of Shh, Bmp-2, Bmp-7 as well as Fgf-9 appear to spread from the enamel knot along the dental epithelium during the late cap stage and they cover the coronal part of the dental epithelium during subsequent stages Kettunen and Thesleff, 1997) . Whether this spreading is associated with differentiation of the odontoblasts and/or ameloblasts or perhaps with development of cusp morphology remains to be determined.
Conclusions and outlook
It is apparent that the morphological features of early tooth development as well as the molecular mechanisms regulating tooth morphogenesis bear more similarities than differences with the development of other epithelial appendages . In fact, no developmental mechanisms or regulatory molecules have so far been shown to be unique for tooth development. Representatives of all signal families have been found in teeth (detailed description of gene expression changes during tooth development can be found in the WWW database gene expression in tooth, 1996) and in many of these cases there is likely to be conservations of signalling interactions with Drosophila developmental processes.
Thus, although teeth are unique to vertebrates, much of their development involves genetic pathways found in invertebrates. Indeed it seems remarkable that the differentiation of cells unique to teeth, ameloblasts and odontoblasts involves homologues of Drosophila signalling molecules, a species that has no equivalent cells. It remains to be seen whether the specific features of tooth development reside in specific temporo-spatial actions of various sets of the generally used regulatory molecules, or whether there exist tooth-specific regulatory molecules.
In Fig. 6 we have summarized some details of signalling networks which have been shown or suggested to regulate various steps of tooth morphogenesis. The rapid progress in identifying signalling pathways in tooth initiation and cusp formation means that we are starting to understand these processes. The early events that control dental patterning via specification of neural crest cells provide a breakthrough in piecing together the mechanisms determining positional specificity. What remains to be understood is the link between spatial determination, initiation and morphogenesis. The analysis of the signalling networks in the enamel knot and their downstream effects can be expected to increase the understanding of the regulation of shape.
The enamel knot can be considered a signalling centre based on the accumulation of several signals specifically in this cell cluster. Although there is so far no direct evidence for an organizing capacity of the enamel knot, the theory is supported by the fact that the same signals are expressed in well known organizing centres in the embryo. In the developing limb, the zone of polarizing activity (ZPA) which regulates anteroposterior patterning, expresses Shh (Riddle et al., 1993) and the apical ectodermal ridge (AER), which controls proximodistal growth in the limb and interacts with the ZPA, expresses Fgf-4 (Niswander and Martin, 1992) . In addition, both ZPA and AER express the same Bmps as the enamel knot . The notochord, which regulates patterning of the neural tube and somites, also expresses Shh and the ectoderm overlying the neural tube, which participates in this patterning, expresses Bmp-4 and Bmp-7 (Echelard et al., 1993; Fan and Tessier-Lavigne, 1994; Liem et al., 1995) . In addition, Shh expression as well as Bmps have been localized to budding epithelium during hair and feather development and in the lungs (Nohno et al., 1995; Tingberreth and Chuong, 1996; Bellusci et al., 1997) suggesting conserved actions in budding and branching morphogenesis in various organs. However, no morphologically distinct epithelial structures resembling the enamel knot of teeth have been described in other epithelial appendages.
As in all areas of developmental biology many of the key breakthroughs in the next few years will come from transgenic mice. Knockouts in transcription factor genes have been most revealing whereas those in signalling molecules themselves have been less informative largely as a result of early embryonic lethality. Progress in direct understanding of the roles of signalling molecules using loss-of-function approaches will require more subtle techniques such as conditional inactivation. Ectopic expression of signalling molecules is likely to be fruitful but will require a detailed knowledge of ligand/receptor specificities and localization of receptors to enable interpretation of results. Both these approaches will require the availability of specific promoter sequences to target expression.
The localized expression of genes in mesenchyme and epithelium prior to overt tooth development needs to be understood. How are these genes regulated and what are the early interactions between mesenchyme and epithelium? How is the highly restricted expression of genes such as Shh, in the epithelium controlled? Such investigations will certainly have to involve laborious analysis of gene regulatory sequences using LacZ reporters in transgenic mice.
Teeth offer some particular advantages as compared to many other organs for the studies on developmental regulation. These are due to the specific patterns and shapes as well as to the unique mineral structure of the teeth. The dental patterns as well as tooth shapes vary characteristically between animals and, hence, comparative studies should shed light on the genetic basis of pattern formation, positional information and the generation of form. In some animals, e.g. in the mouse, vestigial teeth are present in which development is interrupted and these have already been used as models to examine the molecular basis of tooth morphogenesis (Tureckova et al., 1995) .
A particular field where teeth can be expected to be powerful tools is evolutionary developmental biology (Butler, 1995; Jernvall, 1995) . Teeth are the only organs that have been well preserved in extinct animals and the evolution of mammals has been best documented in their teeth. Hence, successful combination of fossil data with the progressive understanding of the roles of different genes in regulation of tooth development should increase the knowledge on evolution of patterns and morphologies. The possibility that patterning of individual teeth involves independent genetic processes raises some intriguing evolutionary questions. On one hand it makes evolutionary sense to have independent genetic control of tooth shape/position to allow changes in individual teeth for adaptations in specialized feeding. On the other hand, however, since molar teeth must occlude in order to function it might be expected that the same genetic pathways would specify upper and lower molars. Identification of genes involved in patterning lower molars will no doubt help elucidate this apparent contradiction.
The shapes of tooth crowns reflect the nature of food the animal eats. In particular, the variation in the sizes and locations of the cusps and lophs in the premolars and molars during evolution has been correlated to ecological changes (Hunter and Jernvall, 1995; Jernvall et al., 1996) . There is circumstantial evidence for the role of the enamel knot in the regulation of cusp patterns of teeth and it will be interesting to see whether the extent of the enamel knot and the timing of its activity are correlated with cusp patterns in different mammalian species. Comparative studies in which the regulation of tooth development is analyzed in well selected extant species should offer the possibility to shed light on the genetic basis of evolutionary changes.
